The size of the heat exchanger is an important factor determining the dimensions of the cold box in helium cryogenic systems. In this paper, a counter-flow multi-stream plate-fin heat exchanger is optimized by means of a spatial interpolation method coupled with a hybrid genetic algorithm. Compared with empirical correlations, this spatial interpolation algorithm based on a kriging model can be adopted to more precisely predict the Colburn heat transfer factors and Fanning friction factors of offset-strip fins. Moreover, strict computational fluid dynamics simulations can be carried out to predict the heat transfer and friction performance in the absence of reliable experimental data. Within the constraints of heat exchange requirements, maximum allowable pressure drop, existing manufacturing techniques and structural strength, a mathematical model of an optimized design with discrete and continuous variables based on a hybrid genetic algorithm is established in order to minimize the volume. The results show that for the first-stage heat exchanger in the EAST refrigerator, the structural size could be decreased from the original 2.200×0.600×0.627 (m 3 ) to the optimized 1.854×0.420×0.340 (m 3 ), with a large reduction in volume. The current work demonstrates that the proposed method could be a useful tool to achieve optimization in an actual engineering project during the practical design process.
Introduction
The aims of the Experimental Advanced Superconducting Tokamak (EAST) project is to develop a steady-state-capable advanced superconducting tokamak and to establish a scientific and technological basis for nuclear fusion reactors. In the EAST helium liquefaction/refrigeration system, the hot helium gas in the high-pressure channel is cooled by the returning cold vapors through plate-fin heat exchangers (PFHEs) to remove most of the sensible heat [1] . PFHEs are efficient and compact heat exchangers that are used in many fields such as chemistry, aerospace, refrigeration and cryogenic industries; they have approximately ten times the surface/volume ratio of conventional tube-shell heat exchangers [2] . Unlike room-and high-temperature heat exchangers, cryogenic ones are placed inside the cold box with multilayer insulation and high vacuum to reduce leakage of heat. As the key component in helium liquefiers/refrigerators, the structural size of these PFHEs has great significance for the dimensions of the cold box. Therefore, compactness is an important factor to consider due to space limitations in the cold box.
The design of heat exchangers is a semi-empirical procedure. The construction type and basic geometries on each fluid side are largely determined by experience, including rules of thumb and engineering judgments. For various design projects, although the specific performance requirements can be satisfied, the pressure drop, compactness and irreversible heat loss change greatly. Therefore, many studies have recently been dedicated to optimizing the design for different objectives [3] . For a series of single objectives, Mishra et al [4] , Wen et al [5] , Yousefi et al [6] [7] [8] [9] and Xie et al [10] used a hybrid genetic algorithm (GA) and other optimization algorithms to optimize PFHEs under various constraints. Additionally, for many multi-objective optimizations, Babaelahi et al [11] , Ahmadi et al [12] , Sanaye et al [13] , Najafi et al [14] , Yousefi et al [15] and Wen et al [16] provided a set of optimal solutions based on GA and some intelligent approaches to satisfy multiple objectives simultaneously, such as entropy generation, effectiveness, total annual cost, etc. Thus it can be seen that GAs have been widely used for optimizing PFHEs and the optimization capability of this method has been validated by many researchers.
Along with the increase in required cooling capacity for future large-scale refrigerators [17] , the size of the cold box will increase accordingly, leading to huge occupied space, high manufacturing costs, high vacuum requirements and long cooling. Therefore, it is necessary to study the thermal hydraulic performance of PFHEs and optimize the volume of these heat exchangers in the refrigerators. Firstly, to reduce the errors caused by the data fitting formula of empirical correlations, a spatial interpolation algorithm based on a few available experimental data is implemented by optimizing the corresponding coefficients. Secondly, strict computational fluid dynamics simulations are carried out to predict the heat transfer and friction performance in the absence of reliable experimental data. Thirdly, based on hybrid GA, a mathematical model is established to analyze the performance of the heat exchanger and investigate the optimal solutions for the PFHE. Finally, with the model, details of the optimized structural size of the first-stage heat exchanger in the EAST refrigerator are obtained for comparison with the original design size.
Thermal modeling
As shown in figure 1 , the EAST helium cryogenic system mainly consists of a compressor station, cryogenic distribution system and cold box [18] . Seven stages of the PFHEthree turbine expanders, cryogenic absorber and filter, cryogenic valves, etc-are installed in the vertical cold box. In the figure, 'HP' stands for high pressure, 'LP' for low pressure, 'SUB-P' for sub-atmospheric pressure, 'EX' for heat exchanger, 'LN2' for liquid nitrogen, 'LHe' for liquid helium, 'THS' for thermal shield, 'HTS CL' for high temperature superconducting current leads and 'PF coils' for poloidal field coils.
The first stage of the PFHE is characterized by the maximum temperature difference and the greatest size and largely determines the overall structural size of the cold box. Table 1 shows the operating conditions for a counter-flow four-stream PFHE. For the PFHEs widely used in helium liquefaction/refrigeration systems, the hot and cold streams usually have a different number of passages, which lead to complex heat transfer characteristics. For example, the first stage of the PFHE in the EAST refrigerator has a total 66 passages, of which 22 are assigned to the hot HP helium vapor from the compressor while remaining 20, 20 and 4 are assigned to the cold LP, SUB-P helium gas and nitrogen gas, respectively. In this section, the equations for measuring the thermal and hydraulic performance and the design criteria for the multi-stream PFHE are presented. 
Heat transfer and pressure drop performance
Offset-strip fins (OSFs) are widely used in PFHEs because of the high compactness and substantial heat transfer enhancement. Schematic diagrams of the PFHE core and OSFs are shown in figure 2 . The structural parameters include fin height h, fin space s, fin thickness t and interrupted length l. The hydraulic diameter for OSFs can be defined as follows [20] :
Heat transfer areas for one stream can be defined as
and the flow-free areas can be calculated as
The comprehensive surface efficiency 0 h considering the primary and secondary heat transfer is defined as
where A f (m 2 ) and f h represent the secondary fin heat transfer area and fin efficiency, respectively, which can be calculated by
The heat transfer distance of the fin is revised as follows: 
represent the convective heat transfer coefficient and thermal conductivity of the fin, respectively.
The heat transfer coefficient is usually expressed in terms of the Colburn factor, jc GPr 9
), the mass flux, and Reynolds number can be calculated as follows: Figure 2 . Schematic diagrams of the PFHE core (left) and OSFs (right).
Design criteria
The presupposed length of the heat exchanger can be determined by
where Q (W) represents the total heat load, T log D (K) represents the logarithmic mean temperature difference and KA denotes the thermal conductivity of the heat exchanger, which can be expressed by
where the suffixes, h and ci, denote the hot stream and the other cold streams, respectively. After the initial dimensions of the heat exchanger are determined, the permitted drop in core pressure can be calculated by
where f denotes the Fanning friction factor. Generally, it is suggested that the maximum length deviation is set as 10%. The length deviation is expressed by
where L i (m) represents the length determined by considering the matched heat transfer between the cold stream and hot stream. L i can be worked out using
where KA i ( ) can be expressed by 
When the initial design structure of the PFHE including the length, width and number of stream passages is determined, the original design can be verified by validating the following two criteria: (i) the length deviation is less than 5%; (ii) the pressure drop is lower than the allowed maximum pressure drop.
Numerical simulation
Although there are only a few available experimental data appearing in the open literature, simulated results can also provide good performance estimates in the wide range after repeated debugging.
Numerical model
For the OSF unit, orders of magnitude about the scales between the external structures and inner channels are always meter-scale and millimeter-scale, respectively. To guarantee the flow is fully developed, the studied OSFs have at least 24 rows of periodic fins.
The governing equations for solving the flow and heat transfer problems can be expressed as follows in a uniform format [21] :
where f represents different variables in conservation equations for mass, momentum and energy, respectively. After repeated commissioning, a low k e -model developed by Abid [22] is employed.
In order to obtain solutions from these partial differential equations, commercial software based on the finite-volume method, FLUENT v.15.0, is adopted. A second-order upwind scheme and SIMPLE velocity-pressure combined algorithm is selected to discretize and solve these equations. The mass flow inlet and pressure outlet condition are set as inlet and outlet conditions, respectively. The condition of uniform heat flux boundary is employed on the bottom surface of the upper and lower separating plates. In order to simulate the actual performance of OSFs, periodic boundary conditions are applied to both sides in the physical model, as shown in figure 3 . On the interface between solid and fluid, non-slip and coupled thermal boundary conditions are set as the velocity and temperature boundary conditions, respectively.
The fluid-solid coupling model is meshed by the preprocessor GAMBIT v.2.4.6, shown in figure 3 . For the commonly used OSFs (95JC1402-05, for which h is 9.5 mm, s is 1.4 mm, t is 0.2 mm and l is 5 mm), figure 4 illustrates the variation trend about j and f in accordance with the grid number. The calculation range covers 0.76, 1.22, 1.86, 3.34, 4.04 and 6.01 million grids based on different non-dimensional distances, y .
+ When the number of grids increases to 4038 300, the deviations compared with the best results (6013 390) are less than 1% for both j and f. Therefore, considering the computational speed and accuracy, the grid numbers of OSFs in this study are determined by y 1.5.  + These simulations have been run on the CentOS 6.7 system, and for each one, 248.7 GB of available disk space and the four-node Inter(R) Xeon(R) CPU E5-4620 @ 2.20 GHz with 16 cores could be utilized. When the residuals for the flow and energy equations are less than 1 10 6 -and 1 10 7 -, respectively, the calculation results are taken as steady.
Model validation
A type of OSF (65JC2503-05) from Peng [23] is selected to validate the reliability of the numerical method, as displayed in figure 5 . The temperature distribution contour of the fluid flowing through the fin channel is depicted in figure 6 when the Reynolds number reaches 1342.5. In order to evaluate the performance of numerical simulation results, the root mean squared errors (RMSEs),
can be used. The RMSEs between the simulated results and experimental data are 3.97% and 5.26%, respectively for factors j and f. Therefore, the numerical method could be used to calculate the heat transfer and friction performance reliably.
Optimization method

Data fitting based on kriging approximation
As is well known, empirical correlations are usually used to measure the performance of PFHEs. However, their prediction errors are not only restricted to the theoretical and experimental measurement errors. Focusing on data fitting processing, a spatial interpolation algorithm based on a kriging approximation model can be constructed through large numbers of reliable experimental data. The fundamental idea of this theory is to use explicit functions to approximate the actual implicit limit state functions [24] , which can predict similar features by a kind of linear unbiased and minimum variance estimation in the region covering limited amounts of known information, rather than the complete sample. Therefore, it has a strong ability to forecast information according to limited numbers of available samples. It can be observed from the curves of the performance characteristics that the trend between the input and output values shows a similar linear behavior near the origin. Hence, available exponential functions can better predict the relationship, which can be represented as
, exp
where w j and x j are the jth coordinates of the sample point w and x. j q gives the multiplicative inverse of the correlation length in the jth direction. The accuracy of this model is greatly affected by unknown different coefficients j q in n dimensions. Lophaven [25] compiled a program to optimize , j q but its overwhelming dependence on initial values makes it extremely vulnerable to bad results when estimating the range of coefficients improperly. Considering that the choice of coefficients j q directly affects the reliability of the model, the optimal j q corresponding to maximum likelihood estimation can be obtained by a hybrid GA according to the following minimum optimization function:
where R | | is the determinant of R and 2 s is the process variance.
Hybrid genetic algorithm
GAs are a self-organizing, adaptive artificial intelligence technology based on the principle of the process of biological evolution. Because it uses three operators, reproduction, mutation and crossover, GA has been found to have a strong global search ability but a weak local search ability [26] . Therefore, in many cases, a suboptimal solution to the problem is likely to be obtained,rather than the optimal solution. A hybrid GA, based on a mature GA and another optimization algorithm, is designed to seek the optimal solution for global performance relatively quickly. In this study, the genetic operators are used to search the population with good performance on a global scale. When the number of evolutions is a multiple of a fixed value N (e.g. 10), nonlinear programming would be used to find the optimal solution according to current chromosomes on a local scale. Figure 7 briefly shows the flowchart of the optimization process.
Results and discussion
Examination of the reliability of the approximation model
To construct an accurate kriging approximation model, 264 available data points for factors j and f with 25 types of OSF are collected from Kays [27] and Peng [23] . After iterative calculations by hybrid GA, coefficients j q corresponding to maximum likelihood estimation are determined as illustrated in figure 8 . To further verify the forecasting ability of this model, a type of OSF (65JC1703-05) is used to test the accuracy of the estimation model. Figure 9 shows a comparison of the results of numerical simulations, predictions and empirical correlations [20] . The RMSEs between the simulated and predicted results are 4.53% for factor j and 6.17% for factor f, while the errors of j and f values compared with empirical correlations are 6.42% and 15.1%, respectively. Therefore, a kriging model can be used as a more accurate data fitting tool than the typical empirical correlations to forecast results.
Optimization results
To investigate the possible application of the proposed methods, the counter-flow four-stream aluminum PFHE used in the EAST refrigeration system as the first stage of heat exchanger is analyzed. As a PFHE with maximum temperature difference, its heat load reaches 232.58 kW and the original design size is 2.200 0.600 0.627´m. The thicknesses of the separating plates, cover plates and side bars are designed as 1 mm, 6 mm and 30 mm, respectively. In order to accelerate fluid distribution uniformly in the passage, the length of the distributors is set as 0.3 m on each side. The physical properties of fluids and aluminum are selected at the mean temperature. Considering longitudinal heat conduction, which would flatten the temperature distributions in the wall and thus reduce the effectiveness, the margin has been increased by an additional 50% of the heat transfer length according to the effectiveness, capacity rate ratio and longitudinal conduction parameter [2] .
As the first stage of the heat exchanger is characterized by the maximum heat load its structure has a huge influence on the size of the cold box in EAST. Therefore, under the constraints of performance requirements, existing manufacturing techniques and structural strength, minimizing the volume of the PFHE is set as the optimization goal; this can be expressed mathematically as follows:
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In order to avoid structural deformation due to the extreme aspect ratio in cross section, the aspect ratio is also constrained in equation (21) . Table 2 shows the ranges of independent variables based on the space left in the cold box and existing manufacturing techniques. Additionally, to avoid too high pressure drops dominated by the viscous force and guarantee the prediction accuracy of the thermal hydraulic performance of OSFs, the Reynolds numbers for every stream are constrained above 100. To handle the constraints in the optimization algorithm, the method of penalty functions is used to let the objective function convert from the constrained problem to an unconstrained one [28] . The population size and crossover rate are originally set as 200 and 0.95, respectively. When the tolerance of penalty values is less than 1 × 10 -6 , the results are considered to have converged. As illustrated in figure 10 , the best penalty values are found to be steady at 0.264 after 358 generations. Table 3 provides the detailed parameters. It can be observed that the structural size is reduced from 2.200 0.600 0.627´(m 3 ) to 1.854 0.420 0.340´(m 3 ) with a large reduction in volume. Unlike the empirical selections of several types of common OSFs and perforated fins, the optimization process considers a database that includes a wide range of OSFs characterized by excellent structural strength. A comparison of performance parameters from two design schemes is illustrated in table 4. The results show that, due to the more accurate performance data fitting tool and global optimization, the heat transfer coefficients of three cold fluids have been greatly improved, thereby causing higher fin heat transfer efficiencies, smaller heat transfer areas and larger core pressure drops.
Conclusions
In this study, an approximation model coupled with a hybrid GA is developed to investigate the thermal hydraulic performance of counter-flow FPHEs and optimize the volume of the first stage of the heat exchanger in the EAST refrigerator within the constraints of heat exchange requirements, maximum allowable pressure drop, existing manufacturing techniques and sufficient structural strength. The main conclusions are as follows:
(i) Through optimization of the corresponding coefficients, , j q the kriging approximation model can be used as a more accurate data fitting tool than the typical empirical correlations with forecast j and f factors of OSFs, which is also validated by computational fluid dynamics simulations. (ii) Based on a hybrid GA, a concrete scheme for optimizing the volume of the multi-stream plate-fin heat exchanger is proposed. By carrying out the optimization, the size of the structure is reduced from 2.200×0.600×0.627 (m 3 ) to 1.854×0.420×0.340 (m
